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In this paper, we describe the synthesis of an ion imprinted polymer (IIP) by homogeneous polymerization and its use in solid-phase 
to extract and preconcentrate zinc ions. Under optimal conditions (pH 5.0, preconcentration flow rate of 12.0 mL min-1, and eluted 
with 1.0 mol L−1 HNO3) this procedure allows the determination of zinc with an enrichment factor of 10.2, and with limits of detection 
and quantification of 1.5 and 5.0 μg L−1, respectively. The accuracy of our results was confirmed by analysis of tap water and certified 
reference materials: NIST 1570a (Spinach leaves) and NIST 1515 (Apple leaves). 
Keywords: ion imprinted polymer; zinc; adsorption.
INTRODUCTION
Zinc is an essential mineral nutrient for humans, plants and ani-
mals. A variety of biomolecules require zinc in order to maintain the 
normal structure, function and proliferation of cells. Both plant and 
animal growth require small quantities of zinc. Zinc has beneficial 
effects on cardio-circulatory function and prevents several diseases. 
Zinc can also play an important role in the progression of several 
bodily conditions, including disturbances in energy metabolism and 
increases in oxidative stress. Foods and drinking water are the main 
source of zinc for humans. However, this metal can be toxic for 
some biota in excessive amounts. Zinc is most toxic to microscopic 
organisms in aquatic environments. Water concentrations of zinc are 
reported to be a better indicator of fish contamination than zinc levels 
measured in sediments or invertebrates. Although toxic in excess, 
zinc is an essential component of thousands of proteins in plants. The 
determination of zinc concentrations in natural waters and vegetal 
matrices is very important, and can serve as a basis for characterizing 
regional pollution levels and for estimating how much zinc humans 
are ingesting. Zinc concentrations in unpolluted natural waters are 
very low.1-3 In natural surface waters, the concentration of zinc is 
usually below 10 μg L-1. The Brazilian environmental agency has 
established the maximum safe level of zinc in fresh waters to be 180 
μg L-1 (Resolution CONAMA 357/2005). Very sensitive analytical 
techniques for detecting zinc levels are required, such as electro-
thermal atomic absorption spectrometry (ETAAS) or inductively 
coupled plasma–mass spectrometry (ICP–MS). Due to its inherent 
selectivity, simplicity and relatively low acquisition cost, flame ato-
mic absorption spectrometry (FAAS) is widely employed for metal 
ion determination. In view of its reasonable sensitivity, combining 
solid-phase extraction with FAAS is also a promising tool for trace 
determination of metal ions.2,4
Separation/preconcentration procedures based on solid-phase 
extraction have been used to improve the analytical characteristics 
of zinc determination in several matrices.5 However, a disadvantage 
of this technique is its low metal selectivity, which can lead other 
species to interfere with the target metal ions when using techniques 
susceptible to lines superposition, such as inductively coupled plasma 
optical emission spectrometry (ICP OES).
Ion imprinted polymers (IIPs) overcome these disadvantages in 
extraction procedures because they are capable of ion recognition, 
thus improving the selective separation/preconcentration of the 
analyte during solid-phase extraction (SPE). IIPs are obtained by 
the copolymerization of functional and cross-linking monomers in 
the presence of an ion template analyte, which traps the template in 
a highly cross-linked polymer matrix. Removing the template leaves 
back cavities having a size and shape corresponding to that of the ion 
template.6,7 These polymers have a high affinity and selectivity for the 
target ion, are easy to produce, are low cost and stable. Separation/
preconcentration using IIPs has been employed, for example, in the 
separation of Fe3+ from plant and water samples with a posterior 
determination by ICP OES,7 of Dy3+ from synthesized seawater and 
spectrophotometric determination8, and of Cu2+, Ni2+, Pb2+ and Zn2+ 
from celery samples with determination by ICP-MS.9 In spite of the 
outstanding performance by IIPs for metal ion adsorption, a survey 
of the literature shows that few studies have been devoted to zinc 
preconcentration and further determination by FAAS. A Zn(II) IIP 
was recently prepared with acryloyloxyquinoline (8-AOQ) as the 
monomer.10 Shakerian et al.11 synthesized a new Zn(II) IIP using 
styrene as the monomer, ethylene glycol dimethacrylate (EGDMA) 
as the cross-linking agent and 8-hydroxyquinoline as the chelating 
agent for zinc. In these studies, auxiliary chelating agents must be 
used to form the binding sites for polymers and the synthesis proce-
dures are very tedious. 
Therefore, in this study we propose a new method for synthesis, 
using homogeneous polymerization of a zinc ion-selective adsorbent 
with 1-vinylimidazole as the functional monomer, which is able to 
form a metal ion complex with zinc ions. We developed a precon-
centration system for the enrichment and determination of zinc by 
FAAS using a mini-column loaded with this IIP and applied a Doehlert 
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design to determine its best analytical characteristics. 
EXPERIMENTAL 
Instrumentation
We used a Perkin Elmer (Norwalk, CT, USA, www.perkinelmer.
com.br) AAnalyst model 200 flame atomic absorption spectrome-
ter, equipped with a deuterium lamp for background correction to 
measure absorbance. In accordance with the recommendations of 
the manufacturer, we used a hollow cathode lamp for the zinc. The 
wavelength and spectral band pass used were 213.9 and 0.7 nm, res-
pectively. The lamp current (5.0 mA) and the burner height (13.5 mm) 
we used had conventional values. The flame consisted of acetylene 
(flow rate 2.0 L min−1) and air (flow rate 13.5 L min−1). The flow rate 
used for the nebulizer was 5.0 mL min−1. Water for all applications 
was obtained from an Elga Purelab Classic purification system (High 
Wycombe, UK, www.elgalabwater.com) and its resistivity was equal 
to or higher than 18.2 MΩ cm. The IIP particle size was measured 
using an FEI Quanta 200 (Netherlands, www.fei.com) scanning 
electron microscope operating at 30 kV voltage. A manifold from a 
Baltec Scutt Coater SCD 050 (Germany, www.emsys.co.uk) was used 
to metalize the studied material. Infrared spectra were obtained in 
KBr pellets and then measured using a spectrophotometer Shimadzu 
(www.shimadzu.com.br) FTIR-8300 Infrared Fourier Transform with 
a resolution of 4 cm-1. Preconcentration was performed in a system 
consisting of a multi-channel peristaltic pump (Model BP 200, Milan, 
Colombo, Paraná/Brazil, www.longerpump.com), silicone (0.25 mm 
id) and Teflon tubing to propel the liquids, and a laboratory-made 
mini-column. A Digimed DM 20 (Santo Amaro, Brazil) pH meter 
was used to measure the pH of the solutions.
Reagents, solutions and materials
Ultrapure water was used to prepare all solutions. All the glass-
ware was kept overnight in a 5% (v/v) nitric acid solution prior to use 
to remove any residual metals. All reagents used were of analytical 
grade. Working solutions of zinc were prepared daily by diluting 
1000 μg mL−1 metal stock solutions (Merck, Darmstadt, Germany, 
www.merck.com.br). Hydrochloric acid solutions were prepared by 
direct dilution of the concentrated solution (Merck) with ultrapure 
water. An ammonia buffer solution (pH 8.0–10.0), sodium borate 
(pH 7.0–8.0) and sodium acetate (pH 4.5–5.7) were used to adjust 
the pH of metal solutions. For the accuracy studies, we analyzed 
certified reference materials—NIST 1570a (Spinach leaves) and 
NIST 1515 (Apple leaves) from the National Institute of Standards 
and Technology (www.nist.gov), NIST, USA.
Synthesis of the IIP
The IIP was prepared by bulk polymerization, according to the 
described procedure with modifications.12 The synthesis was carried 
out by dissolving 2.25 mmol ZnCl2 and 4.5 mmol of 1-vinylimidazole 
in 8.0 mL of acetonitrile and stirring for 30 minutes in order to form 
the Zn-vinylimidazole complex. Then, 42 mmol of the cross-linking 
reagent ethylene glycol dimethacrylate (EGDMA) and 20 mg of the 
radical indicator 2,2 ‘-azo-bis-iso-butyronitrile (AIBN) were added 
to mixture. The mixture was purged with nitrogen for 10 min and 
tightly enclosed in this atmosphere. The reaction was carried out at 
a temperature of 60 °C for 12 hours. Subsequently the polymer was 
ground and sieved (particles smaller than 100 microns). Zinc ions 
retained in the polymer were removed by successive washings with 
1.0 mol L-1 HNO3 and then monitored by FAAS. Finally, the polymers 
were dried for 12 h in an oven at 45 °C. The imprinting effect, pro-
duced in the polymer, was evaluated by preparing the non-imprinted 
polymer (NIP), i.e. the blank copolymer, which was submitted to the 
same protocol for synthesis, but without adding any ZnCl2.
Mini-column preparation
A cylindrical mini-column 3.0 cm in length, with an internal 
diameter of 4.0 mm, and containing about 100 mg of the synthesized 
IIP was used in the separation/preconcentration procedure, along with 
a syringe to put the sorbent inside the mini-column. Tissues (500 μm) 
were placed at the inlet and outlet of the mini-column to avoid any 
removal of the solid-phase material by the carrier stream. After the 
experiment, the mini-column was washed with ethanol 5% (v/v), 
nitric acid solution, and deionizer water, respectively at 2.5 mL min−1 
flow rate. Washing with ethanol and nitric acid was done to prevent 
any metal or organic contamination, respectively. All mini-columns 
prepared in this way showed good reproducibility.
Sample collection and preparation
Samples of tap and river water were collected directly from the 
urban area of Jequié/Bahia. River water was collected by immersing 
bottles into the water stream. The polyethylene flasks used had been 
previously decontaminated with nitric acid solution (10% v/v) and 
rinsed with ultrapure water. Samples were filtered through a mem-
brane (0.45 μm pore diameter) using a vacuum system after sampling 
to remove suspended particulate material. Later, 40.0 mL of these 
samples were immediately analyzed after the addition of the buffer 
and dilution to 50.0 mL in a volumetric flask.
Plant samples (0.10 g) were digested by adding 2.0 mL of 
concentrated nitric acid and hydrogen peroxide to the sample and 
taking them to a hot plate. Blank samples were prepared analogously. 
Sodium hydroxide and an appropriate buffer solution were used to 
adjust the pH of the final digestion solution. The mixture was finally 
diluted to 100.0 or 200.0 mL (depending on the metal concentration 
of the sample) with ultrapure water. These solutions were analyzed 
immediately after preparation.
Solid-phase extraction optimization using Doehlert design
Doehlert designs, which are frequently used for analytical method 
optimization, provide a uniform distribution of points over an entire 
experimental region arranged in a rhomboidal figure. In the case of 
three variable designs, a cuboctahedron is geometrically produced. 
To optimize the solid-phase extraction method for zinc using the IIP 
method, we used a Doehlert matrix wherein experimental coordinates 
originate by the plane projection of a cuboctahedron on its squared 
face.13-16 The optimized variables were pH (from 5 to 9), sampling 
flow rate (from 3.4 to 14.2 mL min-1), and buffer concentration (BC, 
from 0.02 to 0.04 mol L-1). The experimental design and the respon-
ses obtained (in duplicate) from the Doehlert matrix are presented 
in the Table 1.
General procedure after the optimization process
A 40.0 mL sample solution containing the analyte was buffered 
at a pH of 5.0 with an acetate buffer solution at 0.02 mol L-1 con-
centration and pumped at 12.0 mL min-1, percolating through the IIP 
mini-column that retained the Zn(II) ions. The remaining solution 
was discharged. The elution step was carried out by using 1.0 mL 
of 1.0 mol L−1 HNO3 at a flow rate of 12.0 mL min
-1. The choice of 
HNO3 as the eluent was based on previous experiments in which we 
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observed a better elution capacity for zinc from the mini-column using 
HNO3 than from HCl, both at 1.0 mol L
-1 concentration and without 
memory effects. The eluates were taken into a 2 mL recipient and 
metal determination was carried out by FAAS. Signals were recorded 
as absorbance, using the instrument software.
RESULTS AND DISCUSSION
IIP characterization
In addition to the analysis resulting from the scanning electron 
microscopy and infrared spectroscopy, we also characterized the 
synthesized IIP and NIP. Figure 1 verifies that the polymeric par-
ticles are very cohesive, presenting themselves as tightly-packed 
nanoparticles. The adsorbents also have a rough surface due to the 
pores formed in the IIP and NIP networks. The visual roughness 
of the IIP was slightly higher than the NIP, most likely due to the 
imprinting effect. 
The presence of pores in the adsorbent facilitates ion transfer, pro-
motes a higher adsorption of the metal, and allows a better interaction 
of the ion with the active sites of the IIP. The polymer prepared by the 
bulk method yields particles with irregular shapes, but considering this 
study’s solid-phase extraction, which works with low pressure, this 
feature is not considered a disadvantage, as observed on the packed 
chromatographic column. 
The Fourier transform-infrared (FT-IR) spectra of the NIP, the 
IIP-unleached and the IIP-leached are shown in Figure 2. A similar 
spectral profile was observed for the polymers. The signal at 3450 
cm-1 is attributed to the absorption of OH stretching and at 2997 and 
2952 cm-1 the signals are related to the CH stretch of the sp2 and sp3 
bonds from the EGDMA. The absorption at 1635 cm-1 is assigned to 
the C=C and C=N (ring), and at 962 and 765 cm-1 to the C-H (ring) 
bending out-of-plane.12,17 Other important bands at 1726, 1458 and 
1166 cm-1 are attributed to the C = O stretch, asymmetric CH defor-
mation and C-O deformation, respectively. The peak at 1259 cm-1 is 
related to the ring vibration.18 The peak at 1380 cm-1 is attributed to 
C=N stretching modes from the ring. A very low intensity peak was 
observed for the loaded IIP, suggesting the interaction of zinc with 
the imidazole ring. 
Solid-phase extraction optimization
The performance of solid-phase extraction depends on some 
experimental variables-principally pH, sampling flow rate, and buffer 
concentration in the final solution. Thus, multivariate methodologies 
allow us to achieve the best conditions more efficiently than univariate 
methodologies, and they also allow the evaluation of the interaction 
effects. Table 1 presents the results of experiments carried out accor-
ding to the level combinations imposed by the design application. 
Linear and quadratic functions were fitted to the experimental data 
to describe the experimental field. 
According to the analysis of variance (ANOVA) (Table 2), the 
Table 1. Doehlert matrix for optimization of zinc extraction using the syn-
thesized IIP





1 7 14.2 0.03 0.534 0.529
2 6 11.5 0.02 0.563 0.535
3 6 11.5 0.04 0.537 0.581
4 8 11.5 0.02 0.282 0.236
5 8 11.5 0.04 0.339 0.473
6 5 8.8 0.03 0.550 0.473
7 7 8.8 0.03 0.441 0.465
8 9 8.8 0.03 0.181 0.163
9 6 6.1 0.02 0.495 0.413
10 6 6.1 0.04 0.501 0.507
11 8 6.1 0.02 0.259 0.273
12 8 6.1 0.04 0.215 0.293
13 7 3.4 0.03 0.396 0.424
SFR: Sampling flow rate; BC: Buffer concentration. 
Figure 2. Infrared spectra for the NIP, the IIP-leached and the IIP-unleached
Figure 1. Micrographs for the IIP (a) and the NIP (b). Magnification of 
50000 times
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linear model showed lack of fit (Fcalculated > Ftabled) and left large re-
sidues. The quadratic model showed no lack of fit (Fcalculated <Ftabled) 
so we chose it to describe the data behavior in the experimental 
region. Figures 3a and 3b show the response surfaces generated by 
the quadratic model. 
Surface and regression coefficients analysis reveals, as expected, 
that pH is the variable that most influences the extraction of zinc by 
the IIP. The buffer concentration and flow rate sampling do not have 
any significant effects in the experimental region studied. Since the 
response surface is characterized by a saddle point, optimum con-
ditions were obtained by visual inspection of this surface. Thus, we 
chose the following values as optimum conditions for zinc extraction: 
a pH of 5.0, a buffer concentration of 0.02 mol L-1, and a sampling 
flow rate of 12.0 mL min-1.
Evaluation imprinting effect on selectivity of ion imprinted 
poly(vinylimidazole)
To perform studies dedicated to the selectivity of ion imprinted 
poly(vinylimidazole), batch adsorption experiments were performed. 
For this task, 100 mg of the IIP or NIP adsorbents were stirred with a 
binary mixture of 25.0 mL of 1.5 mg L-1 Zn2+ solution in the presence 
of Cd2+, Pb2+, or Co2+ ions at the same concentration. An acetic/ace-
tate buffer solution at 0.02 mol L-1 maintained the pH of the solution 
at 5.0. The mixture was equilibrated by stirring at 2000 rpm for 60 
min at room temperature. Then, the supernatants were collected into 
polyethylene vials and analyzed by FAAS, and the content of the 
zinc and co-existing ions retained on the adsorbents were determined 
according to literature reports.17 In addition, we determined the dis-
tribution coefficient (Kd), the selectivity coefficient (k) of the IIP or 
NIP toward the zinc ion, and the relative selectivity coefficient (k’).17 
From Table 3, we observe a higher selectivity coefficient (k) for the 
IIP to the detriment of the NIP with the consequent relative selectivity 
coefficient (k’) greater than unity. These results reveal that the IIP 
for the Zn2+/Cd2+, Zn2+/Co2+, and Zn2+/Pb2+ systems was 8.31, 3.89, 
and 5.68, respectively; showing clearly that the IIP is more selective 
than non-imprinted polymer. 
Analytical characteristics and application of the 
preconcentration method
The analytical features of the proposed procedure were assessed 
after optimization. The concentrations of the analytical standards for 
the preconcentration procedure ranging between 5.0 and 50.0 mg L−1 
yielded the follow equation Abs = 0.0225 CZn + 0.037 (R=0.9988). 
Without this preconcentration step, the concentrations of the calibra-
tion standards ranged between 200 and 1000 mg L−1 and the equation 
was Abs = 0.0022 CZn + 0.061. The limits of detection (LOD) and 
quantification (LOQ) are defined as LOD = 3 s / S and LOQ = 10s / S, 
Table 2. Analysis of variance: linear model and quadratic model
Linear model
Source of Variation SS DF MS Calculated F Tabulated F
Regression 0.116629 3 0.038876 10.78 3.05
Residual 0.079329 22 0.003606
Lack of Fit 0.057594 9 0.006399 3.83 2.71
Pure Error 0.021735 13 0.001672
Total SS 0.429216 25
Quadratic model
Source of Variation SS DF MS Calculated F Tabulated F
Regression 0.392142 9 0.043571 18.81 2.54
Residual 0.037074 16 0.002317
Lack of Fit 0.015339 3 0.005113 3.06 3.41
Pure Error 0.021735 13 0.001672
Total SS 0.429216 25
SS: Sum of squares; DF: degree of freedom; MS: Media of squares.
Figure 3. Response surfaces obtained after fitting a quadratic function to the 
experimental data: (a) sampling flow rate X pH and (b) buffer concentration 
X pH
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respectively, where S is the slope of the analytical curve, and s is 
the standard deviation of ten consecutive measurements of the blank 
signal. For 50.0 mL of sample solution used in the preconcentration 
step, we obtained an LOD of 0.88 mg L−1, an LOQ of 3.0 mg L−1, and 
a precision (repeatability) of 2.8%, expressed as relative standard 
deviation (n = 10, 20.0 μg L−1). The enrichment factor, defined as 
the ratio of the slopes of the analytical curves with and without the 
pre-concentration, was 10.2. A comparison of the slopes of the analyti-
cal curves built for the IIP and for NIP (Abs = 0.0017 CZn + 0.0016) 
shows an increase by a factor of 13 in the sensitivity, demonstrating 
the improved efficiency in the imprinting process using the solid phase 
extractor. Direct determination of zinc without a preconcentration 
step offers values of 39.0 and 130.0 μg L−1 for the LOD and LOQ, 
respectively, showing that an enrichment step is necessary for zinc 
determination at low concentrations.
The accuracy of the proposed procedure was assessed by addition/
recovery tests and analysis of the following certified reference mate-
rials: NIST 1570 (Spinach leaves) and NIST 1515 (Apples leaves). 
Results are presented in the Table 4. 
The values obtained in this study agree well with the certified 
values reported for these certified reference materials. A paired t-test 
was applied to evaluate these results. At a 95% confidence level, the 
difference in the population means is not significantly different for the 
certified and our experimental results. We also checked the accuracy 
of the analysis of the spiked tap water samples, which also showed 
good recoveries values of 102 and 111% (Table 5).
In summary, our proposed method was successfully applied for 
the determination of zinc in tap water, river water and in two vegetal 
leaves used for tea preparation (Melissa officinalis, and Eugenia 
uniflora L). All samples were collected in the city of Jequié, Bahia, 
Brazil. The results are given in Tables 4 and 5, and the content of 
the zinc ions found in these samples are similar to those found in 
previous publications.19,20 
Table 6 shows a comparison of a number of methods for zinc 
ion preconcentration using FAAS determination. As observed, our 
developed method exhibits better or comparable figures of merit, 
primarily when considering the LOD, sample consumption and 
Table 3. Distribution coefficient (Kd), selectivity coefficient (k) of the IIP or 
NIP toward the zinc ion, and relative selectivity coefficient (k’)
Adsorbent Kd (mL g
-1) k k’
Zn2+ Cd2+ 8.31
IIP 749.55 121.93 6.15
NIP 34.11 45.91 0.74
Zn2+ Co2+ 3.89
IIP 347.78 26.74 13.00
NIP 66.54 19.87 3.35
Zn2+ Pb2+ 5.68
IIP 396.42 36.90 10.74
NIP 80.32 42.48 1.89









NIST 1570a (Spinach leaves) 82 ± 3 80.7 ± 0.8 0.583
NIST 1515 (Apple leaves) 12.5 ± 0.3 13.3 ± 0.7 0.128
Eugenia uniflora L - 32.0 ± 0.7 -
Melissa officinalis - 22.4 ± 0.2 -
Critic p-value: 4.30.
Table 5. Results for zinc (μg L −1, N = 3) in water samples
Sample Added (mg L-1) Found (mg L-1) Recovery (%)
Tap water 1 - 9.2 ± 0.4 -
10 19.4 ± 0.7 102
20 31.4 ± 0.7 111
Tap water 2 - 12.5 ± 0.4 -
Tap water 3 - 31.6 ± 0.8 -
Tap water 4 - 20.7 ± 0.6 -
River water 1 - 16.7 ± 0.5 -
River water 2 - 29.5 ± 0.6 -
River water 3 - 63.8 ± 0.1 -
River water 4 - 64.9 ± 0.2 -
River water 5 - 27.1 ± 0.3 -
River water 6 - 53.8 ± 0.8 -
















Zn(II) ion imprinted polymer 10.0 37.8 0.65 3.0 1.89 0.26 0.65 - 130.0 [10]




12.6 40 2.2 26.6 17.7 0.31 5.0 – 50.0 [21]
MMWCNTs (MWCNT-PAN) 1000 250 0.07 0.12 0.5 4.0 0.05 - 3.5 [22]
Silica gel-Nb2O5–SiO2 10 77 0.77 27.0 34.6 0.12 10.0 - 100.0 [23]
Chitosan modified with 8-hydroxyquinoline 10 17.6 0.8 18.0 8.30 0.56 2.5 - 75.0 [24]
SBA-15 mesoporous silica modified with 
5-mercapto-1-methyltetrazole.
1000 200 0.52 0.21 0.09 5 0.35 – 1.75 [25]
Duolite XAD 761 modified by bis(2-
hydroxyacetophenone)-2,2-dimethyl-1,3-
propanediimine(BHAPDMPDI)
1500 28 1.6 0.08 0.03 53.5 10.0 – 280.0 [26]
Ion imprinted poly(vinylimidazole) 50 10.2 0.88 13.4 2.45 4.9 5.0 – 50.0 Present work
PV: preconcentration volume; PF: preconcentration factor; LOD: limit of detection; CE: concentration efficiency; CI: consumption index.
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sample throughput. Furthermore, this preconcentration method also 
corroborates the concept of Clean Chemistry, since it requires no 
auxiliary chelating agent prior to the preconcentration step or toxic 
organic solvent as an eluent. 
CONCLUSIONS 
In this study, a new ion imprinted poly(vinylimidazole) synthesi-
zed via a bulk procedure was successfully applied to preconcentrate 
zinc ions from water and vegetal leaves samples. The application of 
a Doehlert matrix allowed the efficient optimization of the precon-
centration procedure, making it suitable for zinc determination by 
FAAS with a low LOD, low sample consumption and high sample 
throughput. The increment in the zinc selectivity was assured from 
the relative selectivity coefficient (k´) obtained. The achieved zinc 
concentrations in the certified reference materials were consistent 
with those reported, confirming the method’s accuracy. Results 
from the analysis of real samples have shown that the developed 
method can be successfully applied to determine zinc in these 
kinds of samples.
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